The adsorption characteristics of As(V) and As(III) on titanium dioxide loaded Amberlite XAD-7 resin have been studied. The resin was prepared by impregnation of Ti(OC2H5)4 followed by hydrolysis with ammonium hydroxide. Batch adsorption experiments were carried out as a function of the pH, shaking time and the concentration of As(V) and As(III) ions. The resin showed a strong adsorption for As(V) from pH 1 to 5 and for As(III) from pH 5 to 10. The adsorption isotherm data for As(V) at pH 4 fitted well to a Langmuir equation with a binding constant of 59 dm 3 mol -1 and a capacity constant of 0.063 mmol g -1 . The data for As(III) at pH 7 also fitted well to a Langmuir equation with a binding constant of 5.4 dm 3 mol -1 and a capacity constant of 0.13 mmol g -1 . The effect of diverse ions on the adsorption of arsenic was also studied. Column adsorption experiments showed that the adsorption of As(III) is more favorable compared to As(V), due to both the faster adsorption and larger capacity for As(III) than As(V).
Introduction
Arsenic is a widely distributed element in the earth crust. Throughout the ages, arsenic has been used in medicine, cosmetics, agriculture and industry. Arsenic is one of the most toxic metal ions, which could increase the risk of skin, lung and kidney cancer. 1 The main arsenic species present in natural water are arsenate and arsenite ions. The United States Environmental Protection Agency (USEPA) permissible limit of arsenic in drinking water is 10 ng cm -3 .
Because of the toxic nature of arsenic, the removal of trace arsenic from drinking-water systems or industrial effluents has been of increasing importance. Various methods like ion exchange, adsorption, precipitation and complexation [2] [3] [4] are used for removing toxic metals. Among these, adsorption with reagent impregnated resins and metal-loaded chelating resins [5] [6] [7] [8] has become increasingly popular during the last two decades. Their advantages include ease of preparation, large binding energy, good stability, high preconcentration factor, mechanical stability and good reproducibility. Titanium dioxide 9 is a nontoxic semiconductor and is stable over a pH range of 2 -14. This oxide possesses strong affinity towards arsenic 10, 11 in addition to the popular property as a light-inducing catalyst. In general, metal oxides have a disadvantage that it is difficult to obtain spherical beads of suitable size for practical applications. In a previous study, we successfully impregnated zirconium oxide in XAD-7 resin to overcome this problem. 12 In the present study, we successfully loaded titanium oxide into Amberlite XAD resin, and studied the adsorption characteristics of As(III) and As(V).
Experimental

Measurements
The metal-ion concentration was determined with a Seiko SPS-1500 Inductively Coupled Plasma Atomic Emission Spectrometer.
Chemicals and solutions
Amberlite XAD-7 resin was supplied by Rohm & Haas. The resin was dried in a vacuum oven before use. All other chemicals used were of analytical grade. Stock solutions of arsenic(III) and arsenic(V) (0.013 M, M = mol dm -3 ) were prepared by dissolving 0.1734 g of NaAsO2 and 0.41645 g of Na2HAsO4 in 100 cm 3 of deionized distilled water. Buffer solutions (0.01 M) of KCl-HCl, CH3COOH-CH3COONa, 2-(cyclohexylamino)ethane sulfonic acid (CHES)-NaOH, 3-morpholinopropane sulfonic acid (MOPS)-NaOH and Ncyclohexyl-3-aminopropane sulfonic acid (CAPS)-NaOH were used, respectively, to adjust the pH of the solutions. It was confirmed that no interference on the adsorption was observed with these buffers.
Preparation and characterization of TiO2-XAD 7 resin
A TiO2 loaded resin (Ti-XAD) was prepared using titanium tetraethoxide and Amberlite XAD-7. Titanium tetraethoxide (21 g) was added to the resin (21 g) and the contents were stirred for 15 min until the titanium tetraethoxide was completely uptaken into the resin. To this, 200 cm 3 of 1 M ammonium hydroxide was added and refluxed at 70˚C for 5 h. The resin was washed with water until the supernatant solution became neutral. The resin was then dried in a vacuum oven at 65˚C under reduced pressure. The dried Ti-XAD resin was ready for the adsorption of As in the present study.
The characterization of Ti-XAD and the original XAD-7 resin was carried out using X-ray photoelectron spectroscopy (XPS), X-ray diffraction and a pore-distribution measurement. The pore volumes were calculated from the data of the desorption process of N2 with a Micromeritics ASAP 2000 instrument. The XPS measurements were performed with an Ulvac PHI 5601ci spectrometer. A conventional Mg Kα X-ray source (14 kV, 400 W) was used for XPS studies. The pressure in the sample chamber was kept under 1 × 10 -7 MPa. The binding energy scales were adjusted to the highest C(1s) peak position equal to 285 eV. 13 
Adsorption of arsenic on Ti-XAD resin
Batch adsorption experiments were conducted under the following conditions. To 200 mg of Ti-XAD resin, 20 cm 3 of 10 µg cm -3 arsenic solution was taken in a tightly capped glass bottle and the pH of the solution was adjusted to 4 for As(V) using acetate buffer and 7 for As(III) using MOPS buffer. No interference was observed with the other buffers. The tightly capped glass bottles were shaken vigorously for 6 h at room temperature for As(V) and 2 h for As(III). The equilibrium adsorption was calculated from the difference between the concentration of the sorbate in the initial and equilibrated solutions.
Distribution coefficient (D) measurement
The adsorption characteristics were also expressed as the distribution coefficient (D), which is generally defined as
where (M)r and (M)s denote the amount of metal ion retained in 1 g of dry resin and remained in 1 cm 3 of the solution, respectively. 14 
Column adsorption experiments
Column experiments were performed using a 1 × 10 cm glass column packed with 1 g of Ti-XAD. A solution containing 1 µg cm -3 of As(V) and As(III), separately, was passed through the column after adjusting its pH to the optimum value at a flow rate of 0.5 cm 3 per minute, which corresponds to a space velocity of 5 h -1
. The solution which passed through the column was fractionated into 15 cm 3 portions, and the concentration of As was determined by ICP-AES at regular intervals.
Results and Discussion
Characterization of the resin
The titanium loaded resin was analyzed by X-ray photoelectron spectroscopy (XPS) in order to obtain information about the oxidation state of Ti in the resin. Literature shows that TiO2 is present at a binding energy of 458.7 eV, which is near to our experimental value of 458.6 eV 15 ( Fig. 1) . Hence, the data show that titanium is present in the 4+ oxidation state. The composition of titanium in the resin was analyzed using XPS, and it was found that the titanium concentration in the resin was 3.5%.
The X-ray diffraction data indicate that although the titanium species deposited over the surface of the porous resin had poor crystallinity, the crystalline titanium was present mostly in the form of anatase or brookite.
Numerical data of the Ti-XAD resin (Ti = 3.5%) along with that of the XAD-7 were measured, and are summarized in Table  1 . The specific surface area, pore volume and pore diameter decreased by about 60%, 70% and 20%, respectively, upon the incorporation of titanium oxide. Figure 2 shows that most of the TiO2 appeared to deposit inside pores of large diameter (300 -600 Å), since they remarkably disappeared, while the pores of 30 -40 Å were partially filled. Figure 3 shows the adsorption percentage for As(V) and As(III) as a function of the pH. Arsenic(V) shows the maximum adsorption from pH 1 to 5. The maximum adsorption of As(III) occured from pH 5 to 10. The results show that the adsorption of As(III) is lower in the acidic region, but higher from the neutral to alkaline region, whereas for As(V) the adsorption is higher in the acidic range. Since the pKa1 and pKa2 values of H3AsO4 are 2.24 and 6.96, 16 respectively, the predominant arsenate species adsorbed should be H2AsO4 -. The data for arsenite suggest that nonionic H3AsO3 is likely to be 1346 ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 responsible for the adsorption, because the pKa1 value of H3AsO3 is 9.1. 16 In the present study, pH 4 for As(V) and pH 7 for As(III) were chosen for further adsorption studies, respectively. The effect of the HCl concentration was studied concerning the adsorption of As on Ti-XAD resin (Fig. 4) in order to check the regeneration conditions of the resin. Arsenic(V) shows strong adsorption at 0.5 M and the adsorption decreases along with an increase in the HCl concentration. Arsenic(III) shows moderate adsorption from 0.5 M to 5 M HCl. The results showed that at low acid concentrations As(V) adsorbed strongly on the resin, whereas As(III) showed weak adsorption. Although the instability of TiO2 at higher HCl concentration is probably responsible for the weak adsorption of arsenic, it was found that the adsorption was not weak enough to remove all of the arsenic out of the resin by a treatment with HCl.
Effect of the pH
Effect of the shaking time
The effect of the shaking time on the adsorption of As(V) and As(III) on Ti-XAD resin was studied from 5 min to 24 h (Fig.  5) . The adsorption of As(V) increased with an increase in the shaking time, and attained equilibrium in about 4 h. Thus, a shaking time of 6 h was selected for further studies. The adsorption of As(III) increased along with an increase in the shaking time and attained the maximum value from 1 h onwards; a shaking time of 2 h was chosen for further studies.
The faster adsorption of As(III) compared to that of As(V) was probably due to the smaller size of H3AsO3 compared to H2AsO4 -.
Adsorption isotherms
Adsorption isotherms were measured for both As(V) and As(III) with Ti-XAD resin. The results are shown in Fig. 6 . The adsorption behavior can be described by the Langmuir adsorption equation as
where Ce and X are the mean concentrations of the sorbate in the equilibrated solution (mmol/dm 3 ) and the amount of sorbate in the resin (mmol g -1 ), respectively; Kb is the Langmuir adsorption equilibrium constant (dm 3 mol -1 ), which is a measure of the energy of adsorption, and Xmax is the maximum adsorption at monolayer coverage (mmol/g).
The Langmuir adsorption equilibrium constant Kb, and the maximum adsorption at monolayer coverage Xmax were calculated for As(V) with the least squares fit, to be 59 dm 3 mol -1 and 0.063 mmol g -1 at pH 4, respectively, with a correlation coefficient of 0.994.
The Langmuir adsorption equilibrium constant (Kb) and the maximum adsorption at monolayer coverage (Xmax) were calculated for As(III) by a least-squares fit, to be 5.4 dm 3 mol -1 and 0.13 mmol g -1 at pH 7, respectively, with a correlation coefficient of 0.99.
The effect of the pH combined with the Langmuir isotherm data suggests that different adsorption mechanisms are working for As(III) and As(V), respectively. The iso-electric point of TiO2 is known to be in between pH 6 -6.7. 17 Thus, it can be speculated that the electrostatic interaction between cationic TiO2 and anionic H2AsO4 -contributes to the adsorption to some extent. In contrast, only neutral H3AsO3 adsorbs to TiO2, irrespective of the surface charge.
Effect of diverse ions
The efficiency of the sorbent for the removal of arsenic in the treatment of industrial or natural water is affected by the selectivity against various common chemical species. The influence of coexisting ions (1000 µg cm -3 ) towards the adsorption of As(III) and As(V) (10 µg cm -3 , respectively) was surveyed.
The presence of anions such as PO4 3-, Cl -, NO3 -, NO2 -, SO4 2-, SO3 2-did not interfere, except for PO4 3- . Phosphate ion interferes with the adsorption of both As(V) and As(III), most significantly because of the mutual similarity of the ions with respect to their chemical form and the pKa value. 16 The presence of cations, such as Cd(II), Na(I), Pb(II), even in large excess, has no significant effect on arsenic adsorption. Interference of Fe(III) and Co(II) was observed for the adsorption of both As(III) and As(V). Interference of Cu(II) and Cr(VI) was found only for As(III).
Column adsorption of As(III) and As(V) with Ti-XAD resin
The column adsorption of As(III) and As(V) with Ti-XAD resin was carried out. An aqueous solution of 1 µg cm -3 of As(III) and As(V) at pH 7 and 4, respectively, was passed through a column packed with 1 g of resin with a flow rate of 0.5 cm 3 min -1 . The results are shown in Fig. 7 . The results showed that As(III) was favorably retained in the column for up to 400 times the bed volume until 10% As leaked, whereas the column adsorption of As(V) was not so good. The reason for the poor adsorption of As(V) despite of its larger Kb value is because of the slower adsorption of As(V) than As(III).
Conclusion
A TiO2 loaded resin was prepared and its adsorption characteristics for As(III) and As(V) were studied. Arsenic(V) was strongly adsorbed over the pH range from 1 to 5, whereas As(III) was adsorbed strongly in the range from pH 5 to 10. Adsorption isotherms for both As(V) and As(III) showed that As(V) gave higher binding constants than did As(III). However, in column separation, As(III) was more adsorbed than As(V). The favorable adsorption of As(III) compared to As(V) in column adsorption experiments is attributed to the faster adsorption of As(III) than As(V).
Among the interference ions studied, the majority of the common anions and cations did not interfere, except for Fe(III), Cu(II), Cr(VI), Co(II) and PO4 3- . Phosphate ion interfered with the adsorption of As most significantly because of the mutual similarity of the ions with respect to their chemical form and pKa value. The interference effect of Fe(III) and Co(II) was observed for both As(V) and As(III), whereas Cu(II) and Cr(VI) were observed for As(III).
